
/"

GIECIa.2.OGE., A. xVA

A.T. STAIR, JR,*
DORAN J. BAKER

Editors

Best Available Copy 1 1 MAY PS 1971

AIR -ORGE SYSTEMS COMMAND

~ ~ ; Air For'ce

"PO lldhv
NATIONAL TECHNICAL



AFCRL-71.0019
5 JANUARY 1971
SPECIAL REPORTS, NO. 114

OPTICAL PHYSICS LABORATORY PROJECT 8658, 7670

AIR FORCE CAMBRIDGE RESEARCH LABORATORIES
L. G. HANSCOM FIELD, BEDFORD, MASSACHUSETTS

Aspen International Conference on
Fourier Spectroscopy, 1970

GEORGE A. VANASSE
A.T. STAIR, JR.
DORAN J. BAKER*

Editors

* Utah State University, Electro-Dynamics Loboratories, Logan, Utah

This document has been approved for public

release and sale; its distribution is unlimited

AIR FORCE SYSTEMS COMMAND

United States Air Force



a-

-- .Foreword

It is a rare scientific meeting that brings together at one time and location the world's leading
practitioners in a particular field. During the week of March 16-20, 1970, some 230 scientists
attended the International Conference on Fourier Spectroscopy at the Aspen Institute in Colorado,
the first truly international scientific meeting devoted exclusively to Fourier spectroscopy. Among
those present were the pioneers in the field, those whG have contributed most to the advance of the
art, and those who are applying the art to a range of scientific endeavors.

The Air Force Cambridge Research Laboratories were proud to sponsor this Conference.
AFCRL sponsors many scientific meetings each year, but our role in the International Conference
on l'ourier Spectroscopy was an especially rewarding one. Attending from AFCRL were 22 scien-
tists, onqi group of whom reported on the Fourier Spectroscopic analysis of data from an event that
occurred only a few days before the Conference-The 7 March 1970 solar eclipse. Other AFCRL
scientists reported on the application of Fourier spectroscopy to the measurement of emission from
remote infrared sources and of the transmission properties of the atmosphere.

I single out these AI'CRL papers to point up the fact that for laboratories engaged in environ-
mental research, such as AFCRIL, this new spectroscopic tool is a powerful one indeed, bringing
orders of magnitude improvement in the accuracy and resolution of sensor data. Even if we at
Al.Cl, were simply users of Fourier spectroscopy, we would consider the sponsorship of such a
Conference eminently worthwhile. But it is in those contributions that our own scientists have made
to advance the art itself that AFCRL takes real pride.

The format chosen for the Conference is one that lends itself particularly well to meetings on
highly specialized fields. The Conference was divided chronologically into two major parts.
Tutorial sessions were held on Monday and Tuesday, followed by :3 days of invited and contributed
research papers. A morning technical session, lasting until noon, was followed by a long afternoon
break, with the participants reassembling at about 4:30 for 2 more hours of technical sessions.
After dinner, informal discussions lasted until late at night.

This report on the Conference, of course, cannot convey the spontaneous and unrecorded insights
that flavored the post-prandial sessions, nor the info,.mation informally exchanged, but the report
does serve to give those who were not able to attend the Conference a complete state-of-the-art
survey of Fourier spectroscopy.

The rapid advan|ces made in lourier spectroscopy-only 20 years to reach maturity-are

recognized as among the most important advances yet made in the field of infrared spectroscopy.

DALE J. FLINDERS, Colonel, USAF
Commander
Air Force Cambridge Research Laboratories
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Abstract

This report constitutes the proceedings of the Aspen International Conference on Fourier
Spectroscopy. The tutorial lectures, which are also included in the proceedings, were intended to
bring the participants to the point where the invited and contributed papers would be beneficial
to all. These lectures began with a mathematical introduction and with a comprehensive outline of
the techniques of Fourier spectrosuopy. The following specific topics were then treated in more
detail: signal-to-noise considerations, interferometers for Fourier spectroscopy, double-beaming
techniques, refractometry, data handling and processing, and finally a speculative digression on the
impact that new developments might have on Fourier spectroscopy.

The invited and contributed papers ran the gamut of high and low resolving power instrumen-
tation and results, and from resolutions of tens of wavenumbers to thousandths of wavenumbers.

* The topics covered included new instrumentation, new data handling and analysis techniques,
advantages of Fourier techniques as demonstrated by recent results, theoretical considerations on
general problems associated with the techniques, and applications of the techniques under adverse
conditions.

Finally, it was decided to accept ?ers on recent multiplex techniques other than Fourier
L and/or interferometric. These papers were presented in the last session of the meeting and are also

included in this report.
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Opening Address

John N. ULward
Chief Scientist, AFCRL

On behalf of the Air Force Cambridge Research Laboratories, it is P pleasure to welcome the

distinguished participants to this Conference on Fourier Spectroscopy and to wish yoku a successful
meeting.

Speaking personally, I have tnree separat, :nterestj in this topic. First of all I have watched this
scientific field grow in the last 20 years from an impractical daydream to its present state of spec-
tacular success. Just after the war, I went to Ohio State to become educated in infrared physics.

* Our experimental apparatus was for the most part completely conventional. We did not have any
fancy computers or electronics, but we did have newer bigger gratings and some of the improved
infrared detectors that had been developed during the war. All around me studet)ts were writing
theses on improved high resolution studies of various molecules. So I wrote a thesis using a simple
Perkin-Elmer prism spectrometer and at the lowest resolution possible: the slits were wide open-
2-mm wide. I was at Columbus when Marcel Golay gave his first paper on multiplexing with his
multislit, and I heard Peter Fellgett----who was then at Michigan-first describe the multiplex gain.
Brilliant ideas wc:e flashing all around in those days, but I was incombustible. However, after
leaving Ohio State I came to AFCRL where we were able to encourage infrared interferometry by
sponsoring the research of many of the groups who are represented here at this meeting.

Secondly, I have been editor of Applied Optics since its inception in 1960, and that journal owes
much of its prosp( ty to the renaissance in modern optics brought about not only by the laser but
aho by the availability of computers. Faint Raman lines that used to take days of exposure time
with a mercury arc source are now recorded in milliseconds by using a laser, and magnificent spectra
of molecular absorption in the atmospheres of faint stars and planets are now obtained by Fourier
spectroscopy. Wuvefroiit reconstruction, holography, a.,d Fourier spectroscopy are some of the
fields that Applied Optics has trikd to provide a home for, and I have enjoyed presiding over some
of the happy o,!uabbles in these fields.

I have a third interest in the topic of this symposium because as most of you know the Research
Library at the .) .r Force Cambridge Research Laboratories contains most of the scientific papers,
correspondence, and other manuscript materials of the third Lotd Rayleigh. Rayleigh was a friend
of Michelson; they visited each other several times and also corresponded. Rayleigh gave Michelson
much advice on how to interpret the interferograms Michelson was obtaining with his interferometer.
But Rayleigh took no oersonai credit f,):" this advice. He said the theory has been known !or a long
time: Fourier worked it out .2early one hundred years ago.

Xi

Ix



Aspen International Conference
on Fourier Spectroscopy, 1920



£

Introduction

The Aspren International Conference on Fourier Spectroscopy (Aspen Conference) held March 16-20,
1970, in AApen, Colorado, was the fourth conference wholly or parially devoted to the technique of
Fourier spectroscopy. The Bellevue Conference in 1957 and the Orsay Conference in 1966 were sponsored
by the Laboratoire Aine Cotton of the Centre National de la Recherche Scientifique and the MISFITS
Conference in 1964 was sponsored by the Mellon Institute in Pittsburgh, Pa. The Aspen conference was
sponsored by the Air Force Cambridge Research Laboratories, but the papers presented at the Conference
awd presented herein do not necessarily reflect the views of either the editors or the sponsor.

The proceedings are made up of the text material from the tutorial sessions, which were given during the
first 2 days of the conference, plus invited and contributed papers. The emphasis was placed on current
applications, techniques, and data obtained rather than on subjects of purely spectroscopic interest. Various
organizations had exhibits on display on March 18th; these exhibits are also described in this volume.

This conference was arranged and conducted through a contract with the Electro-Dynamics Laboratories
of Utah State University. The organizing committee consisted of Dr. George A. Vanasse, AFCRL,
Co-Chairman; )r. A. T. Stair, AFCRL, Co-Chairman; Dr. Doran J. Baker, Utah State University, Secretary;
Dr. Glen Smerage, Utah State University, Manager; Dr. Ely Bell, Ohio State University; and Dr. Larry
Mertz, Smithsonian Astrophysical Observatory. Mr. King Woodward of the Institute for Humanistic Studies
of Aspen was host for the Conference. Professor Pierre Jacquinot of C. N. R. S. gave the feature talk at the
conference banquet applying the advantages of multiplexing to the administration of scientific research.

xv
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I
1. Fourier Spectroscopy: An Introduction

Ernest V. Loewenstein
Air Force Cambridge Research Laboratarle,

bedford, Mcmachuset

Abstract

In this paper we start with an elementary discussion of the Michelson inter-
ferometer, leading into an extensive discussion of the mathematics involved in
Fourier spectroscopy. Emphasis is placed on the use of the convolution theorem.
The maximum allowable solid angle of light beam illuminating an interferometer is
derived and compared with grating instruments. Special aspects of Fourier spec-
troscopy such as apodization, noise, and mathematical filtering are discussed.

1-1 THE MULTIPLEX PRINCIPLE We define the number of spectral elements:

The superiority of Fourier spectroscopy over
grating spectroscopy for high resolution work under
low light level conditions has been incontrovertibly
demonstrated by the Conneses in their near infrared m. € s -!i.
planetary spectral. There are many reasons why the 1-
Fourier method is inherently superior. The two most
often quoted are the multiplex advantage (Fellgett)
and the aperture advantage (Jacquinot). In addition,
absolute wavenumber accuracy is guaranteed by the If we observe each element sequentially (as with a
known wavelength used for carriage control, the grating spectrometer) for a time Tim, the signal to
physical apparatus is inherently simple, and both noise ratio will be proportional to (T/m)"', while if
stray light and overlapping spectral orders are we observe each element for the entire time, T, the
eliminated. The multiplex gain is the salient feature signal to noise for each element will be proportional
of Fourier spectroscopy, and we will commence with to T". There is thus a gin of a factor of mu' when
an elementa.ry derivation. all the spectral elements are observed concurrently,

Let us assume that the spectrum to be investigated which is the multiplex gain. It sometimes happens,
extends from a to T wavenumbers, that the desired as in emission spectroscopy, that parts of the spectral
resolution is k, that the system is detector-noise range el to w2 contribute no energy to the signal.
limited, and the time available for the study is T. The effective number of spectral elements is then

Peceding pae blauk
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k<m, but there remains a multiplex advantage as (complex) amplitude transmittance and reflectance
long as k> I. i and r, respectively. Let the incident wave be

There must, of course, be a method of coding the A exp [i(ot-21rxor). Then the net amplitude emerg-
spectral elements so that they can subsequently be ing from the interferometer in the direction of the
separated unambiguously. This method is provided detector is
by the two-beam interferometer that changes each
wavenumber, a, in the spectrum into an electrical
frequency, f, according to the equation

A'. = A (rt)[ei(*t-2fzj")+ei( t - 2 rxr)J (1-3)

f =v (1-2)

where x, and x2 are the round-trip distances from the
beamsplitter to M, and M 2, respectively. The energy
reaching the detector is;

where v is the rate of change of path difference. The

superposition of all these frequencies is the intter-
ferogram, which is then reduced to a spectrum by
means of a Fourier transformation. The Michelson Edt=IAdet 2 -2A 2 Iti 2 [1+cos 2'(xt-x 2 )o]. (14)
interferometer (or one of its variants) is almost
universally used for Fourier spectroscopy, and all
discussions in this paper refer directly to it.

1-2 THE MICHELSON INTERFEROMETER I; ELEMENTARY Let A2 =B(a) du; IrtI2  the beamsplitter effi-
CONSIDERATIONS ciency; X£-x 2 =X, the path difference. Then

An elementary discussion of the Michelson inter-
ferometer serves as a convenient starting point to
introduce many of the ideas we will need in Fourier
spectroscopy and to lead us into the background Edfi2FB(o)[1+cos 21rax] d. (1-5)
mathematics that will be developed in Section 1-3.
The interferometer and collimating optics are illus-
trated in Figure 1-1. In this initial discussion we will a

The interferogram is defined as the varying part of

M2  
Eq. (1-5); i.e.,

U.S. ,

dI'z) - 20B(w)(cos 2wvx) du (1-6)

SOURCE

MI and we see immediately that the interfcrogram
produced by a quasi-monochromatic line is a cosine
function. A broad spectral range, then, requires an
integral over a:

I(z)f dl(x)29BQ1)(coe2wl)do (1-7)
' IMAGE PLANE G

Fi k 1-1, Miehltm Interforometr. M, and .Vai am the
rndnmirv, .,' is the image of ., asw.n through th.d oam. which is the cosine Fourier ;Ptegral of the spectrum.
splitter (IW) Th" recover of the spectrum in then achieved by

taking the invere Fourier tran4orm.
It is worthwhile to make a slight digreation at this

point to show, in an order-of-magnitude calculation,
assume an on-axis, q ut.i-mo)ochommatic point souree the relationthip between the remlution, a, and Lhe
and a btarnsplitter of negligible thicknem, with maximum path difference, L, attained in the inter-
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ferogram. We take as an arbitrary criterion that the coefficients, energy levels, or any of a host of other
minimum resolvable wavenumber interval occurs spectroscopic quantities. It may even be used to
when there is a difference of one cycle of interference control the entire process from taking the interfero-
between two closely spaced lines. Thu,, we have gram to producing a graphical display of the results.
for one of the lines

1-3 MATHEMATICS FOR FOURIER SPECTROSCOPY

1-3.1 The Fourier Integral

L =r/ar (1-8) The Fourier integral may be defined by the pair of
equations

and for the other f(x) =J_' F(or)et2laz do" (1-12a)

F()=f f(x)e-i2.-, dX (1-12b)
L m~l (1-9)

or by the representation equation
Eliminating L between Eqs. (1-8) and (1-9), we have

1(x =f[ff~xe~2z~dx] e1SUd. (1-13)
Ba=O /m, (1-10)

The reciprocal quantities z and a have dimensions ca,
and substituting from Eq. (1-8) we find that, for an th al qnes lend rephave dimenorder of magnitude criterion, length and inverse length respectively. Fourier

transform pairs will, with one exception, be denoted
by using lower and upper case of the same letter;
i.e., F(r),-F.T. lf(z)]. The exception is that the
interferogram and spectrum will be denoted by 1(z)

I/L. (1-!1) ~nd B(a), respectively. The meaning of Eq. (1-13)
is that f(x) may be represented by the proce. de-
scribed, i.e., a "round trip" through the Fourier
trans:orm. The existence conditions are: (1) (x)

The resolution of the interferometer is inversely must be absolutely integrable, i.e.,
proportional to the path difference between the
interfering beams. This is identical with the situation
we find in the use of a diffraction grating, which gives
its highest resolution when tised at grazing incidence, [.
where the path difference between the extreme inter- lf(z) dr<A
fering rays is a maximum.

Returning nov to the question of reducing the
interferogram, we see that we mu.t discuss not only
the Fourier transform but also sampling theory, where M is some finite number, and (2) f(x) may have
because we must sample the interferogram to read at moti a finite number of finite discontinuities. At a
it into the digital '-,4mputer. The question of analog pnt of dieontinuity, at can be shown that the in-
computation, which has received some attention in te9II of Eq. (1-13) converges to I11(x+)+f(z-)I,
the past, need no longer concern us. The analog i.e., the midpoint of the jump. Certain obvious
computer has soverely limited accuracy and dynamic functions that do not have Fourier trantorms are:
range compared to even the smallest modern digital
computer. The advent of the fLst Fourier transform (I) A constant
has eliminated considerations of cost and computing t2) Any periodic function
time. The digital computer, furthermore, may be (3) f -
programmed to do much more than merely compute
the Fourier transform. It may, for example, be used A pictorial table of some elementary and useful
to compute line positions, or intensities, absorption Fourier transforms ix given in Figure 1-2, and we use
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and the consequences of this truncation will be dis-
_ .cussed presently.

There are three important theorems regarding
+L2 Fourier transforms that we shall need upon occasion,

-1/2 0 1/2 and they are listed here without proof:
Sin(Vo) Shift theoremreef(X). 10 IXl>1/2 SiV4r- 7

FT[f(x+a)] =ei2IOaF(u) (1-17)

Scale change
-& (X ) • (I-IXI) IXI I Sinc 2  (W )

0 IXl>i

FT[f(ax)] =11 F ()(1-18)

.... Rayleigh's Theorem

Figure 1-2. Some Useful Fourier Transform Pairs
I_ [f(x) 12 dzfi. IF(ar)!2 da. (1-19)

this occasion to define these useful functions:

(Rayleigh's theorem is the analog of Parseval's
theorem for Fourier series). The proof of the first
two is accomplished by a simple change of variable;

rect (x) (1-14) the third is slightly longer and may be found in
0 I(>i Bracewell'.

A~x) I-XI X1< (115) 1-3.2 Even and Odd Functoas
(0 (15 An even function is one for which

4,in It

sine (.r)-j (1-16)
lrz

E () =-E(- ,)

The value of rect (z) at x- 1 is not defined, but we
will only be using it in the form of Fourier transforms while an odd function has
and thus will automatically get

reet (-)mrect (4)-. 0(z)- -0(-,

4

The functions illustrated in Figure 1-2 are also an Any complex function may be written as

examtle of the fact that at least one of a Fourier pair
ha infinite extent. In the caw of Fourier spectroscopy,
a .qwxetnm of finite extent proxuces' an interferogram
of infinite extent, which must of cour!w bc truncated, 1(z)-/'V(z)+O'(s)+,W'(z)+"(z). (1-20)
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The Fourier transform of any even function reduces provided that f(x) is continuous at x = O. The
to a eosine transform, for an odd function it becomes a normalization condition is added:
sine transform. Thus

f1 '(x) dx = 1. (1-23)

F(a) f FT[f(x)] = 2 f* E'(x) cos 2iarx dx
+2i f" E"(x)cos 27ra dx This function is often referred to as the Dirac 6-

function, but it was not entirely an original idea with
Dirac; physicists had long felt the need of a function

+2i f0 0'(x) sin 27rox dx that is large in a localized region and small every-
J0 where else, to pick out the value of a field variable at

one point. Dirac originally defined 6(x) as if it were a
2f 0" sin 2irox dx proper function with a value f(x) assigned to every x.

This procedure quickly encounters trouble with the

mathematical formalities, but this can be largely
avoided by using Eq. (1-22) to define the one property

If we now consider only real f(x), such as the inter- of 5(x) that we really need. (A discussion of the
ferograms encountered in Fourier spectroscopy, we mathematical niceties is given by Papoulis'.)
have Two important properties of a(z) easily shown by

change of variable are:

B"(X)fiO"(x).O f. 6(x-a)J(x)dx'-f(a) (1-24)

and and

-~)2 f oEV() cn2*vx dt Sf x& dx -m' fa S(Z)f (4) d.(-5

+2i 0'(z) sin 2wz dx. (1-21)
0 Using the form of Eq. (1-24), we consider the Fourier

transform

The spectrum, thus, b Hermitian, or complex sym-
metric; i.e., drrzal/ .sza t

wool, (1-26)

which is a monochromatic, complex harmonic func-
tion. To get a real harmonic function we may use

That is, no matter how badly distorted the inter- either of Cle following:
ferogrm may be, the spectrum derived from it is not
worse that Eq. (1-21) (whith is bad enough).

1-3.3 The A FW(1-2l7
The A fune,'ion is bwst defined in terms of the im- F1l((x-e)+(+))-onr2Nca (1-27a)

portant sifting property

or

* I(x)fyz) d rf(O), (122) F71-i/2(#(z-a) -S(z+o))l-sin 2rea. (1-27b)
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The inverse Fourier transform, however, does not fact, it is the distance between the origins that is the
exist, since the results in Eqs. (1-26) and (1-27) are independent variable of the convolution, h(x). The
not absolutely integrable. The 6-function, therefore, entire procedure of convolution may be outlined as
is not strictly suite(d to Fourier theory, unless we follows:
somehow terminate its harmonic transform. We
.shall co. ider tt, consequences of doing this, after (1) Reverse one of the functions, say f(x). (It is

immaterial which one is reversed, since it is elementary
(liscus- sing tile convolution,.osovta .to show that -f * g =9 g .

1-3.4 Convolution and Autocorrelation (2) Displace the origin of (x) to the left by so.c

We define the convolution of two functions sufficient distance; call it x0 .
(3) Lay the reversed, displaced f(x) over g(x).
(4) Multiply the functions in the overlap region

and integrate the product.

h(x) =f(.r .g(x) = f_(u)g(x-u) du (1-28) (5) This forms the convolution at x= -xo.
(6) Move the displaced function to the right by a

distance Ax, and repeat the procedure.

The "sufficient" distance, mentioned in Step 2, is
and the autocorrelation of a function obvious in the ease of functions of finite extent in x;

it is the minimum distance nece.ssary to produce zero
overlap. Figure 1-3 illustrates progretsively the

f(x) * (x) f=_ f(x )f(x'+x) dc'. (129)

I
I I .. .

We shall consistently use the asterisk and the five- +L
pointed star to represent convolution and autocor- -
relation, re-4pectively. The autocorrelation for even h(X)-t I(')*g(X')o s 9xl)§(X- x')dx'
fuactions is ewsily showa to be self-convolution of the
function. These two proceses are important to us h (XiO14
because there is a useful theoren regarding the i
Fourier transform of each. The convolution theorem JJ1L._
states - -x -!#-IPFr--!l h(Xi)OV4

FTII(.r) * j#) Fl(x)J FT((.r)l, (l-3O) " "-]L' -- -L

00 X 0.114

i.e.. the Fourier trasform if it coniroanition of tuo J~ {
funetions is the pri~uet tf the Furier trawiform ef -Uii -- "

- I xi
the individual functions. Multipiatotin and con- t

olution may thus be intrehaand. at the "it of I
pe-rforminli Some Fourier transfornus. The theorem
egrding the autocsrrrlation is the Wi~ener-Mhinchinr
tiruremt, which tatevs that the Fourier transform of x i -
the amto orrelation of a function iA its puvr spectrum,
"rht. pruvdie% the nre ary link betiwren the inter-
i'rtgrtim ant the stpetni:. for at% interfevgram i-s

Prgww 143. 1fl"twnhof~n 1hw Conol~ution Po-the aittioomlation of the incident wave wnplitudr,. Vii 11W I Vl"h of ItuO V' ruw im-
It i. n.ortlh " ding a little time to clarify graph- Tlw p 0wviu 4r w r oijtso fh iot., A(z). i

°°ally the meawning of the convolution, an contr;sted sh101 tw t lttV.Wnt 0 id s&Aw"A
Iwith multiplication. In multiplication the product of
tu, ftwtions, i!4 obt.inied ,imply from th prWiluct ni
the onlinates in the regim of overdap, whro one is
tli-dm tov.ir the ,iller uith thrir origim, ioith-ident. "'Ivolution of two wt unction. While it is true

(C.nfvolli"Vo invilsve" a &tlm.cement of the ovigin of that this example o, e lually the auitiurrellaion
One 14 the itioatitl.; ith rcspect to tle other and. in function, iL" '%dmtpliciiy aml clarity canitnc" it to o.


